ABSTRACT This paper presents a methodology for the preparation of a phantom arm model to be used for evaluating the performance of intra-body communications specifically and body area networks (BANs) in general. This paper describes the basic procedures for preparing tissue mimicking materials for each of the five basic tissue layers: skin, fat, muscle, cortical bone, and bone marrow. Matching materials for mimicking the dielectric properties of each tissue, with a mimic accuracy of at least 90%, were finally selected, after carrying out experimental testing on more than 50 different test samples that were prepared using different techniques and mixture concentrations. The final arm phantom is then fabricated and tested. The experimental results, mainly the gain/attenuation profile, are then displayed and compared with those obtained from the real subjects with similar experimental setup conditions showing very close to perfect match, proving the high accuracy of the fabricated arm phantom model in mimicking the dielectric behavior of real body parts, over the frequency range of interests for intra-body communications (100 kHz to 100 MHz). To date, this is the first accurate physical five-layer phantom arm model fabricated for intra-body communication applications covering this frequency range and with such high accuracy.
I. INTRODUCTION
Wearable sensors and systems are rapidly being adopted as means of augmenting and improving health care services. In order to provide a cable-free biomedical monitoring system, new wireless technologies associated with sensor applications have been promoted as the next biomedical revolution, promising a significant improvement in the quality of health-care applications. Yet the size and power requirements of wireless sensors which are typically dominated by the RF section of the associated transceivers, have limited their adoption. To overcome such concerns, system architects proposed designing the system in a way that would allow more than one sensor to share the same wireless gateway, providing a distributed solution, with less power consumption. That approach paved the way for adopting Intra-Body Communication (IBC) systems where data transmission is carried out through the body (mostly skin layers), rather than
The associate editor coordinating the review of this manuscript and approving it for publication was Peter Langendorfer. through air [1] , [2] . Sensors and actuators inter-communicate through skin, relaying messages to a centralized wireless hub that could be a smart watch for instance. This emerging technology would ultimately lead to Body Area Networks (BANs) that operate at extremely low power, with minimal foot print by replacing expensive, power consuming Radio Frequency (RF) front ends, for each individual node with simpler interfaces. Furthermore, while the skin operates as an interference channel for the communicating nodes, it is relatively protected from the higher levels of interference expected when broadcasting via an air interface. First challenge facing IBC technology was understanding and modeling this new and unfamiliar communication channel; ''the human body''. Early research focused on driving and measuring the gain/attenuation profile for IBC, over the range of frequencies where the new application is believed to have the most efficient channel performance, which is from 100 kHz till 100 MHz, below which the periodic exposure to EM signals at certain power levels might have harmful health effects, and above 100MHz the body antenna VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ effects kicks in, leading to more transmitted power being leaked into the surrounding environment; not confined to the body. Various applications took advantage of the potential that IBC technology possess [3] , [4] . In [5] , the authors successfully used the IBC technology for designing a sensor network that measures the heart rate and the oxygen saturation level. Using IBC techniques for implantable communications is further discussed in [6] , [7] . Developing security applications using IBC technology was proposed in [8] , where secure data propagation/exchange through the body is established through shaking a person's hand or touching an electronic device. IBC networks proved to be reliable and efficient for new treatment and diagnostic techniques as well, as shown in [9] , [10] , where intrabody Nano-networks are introduced.
One of the basic goals for channel characterization is to identify the optimum frequency range for IBC as well as the frequency range at which the body's attenuation to the signal propagation would be minimal, thus minimizing the power needed for transmission. Factors affecting such profile were also considered, such as, type, shape and size of the electrodes used, distance between the transmitter and the receiver, biological parameters of the human body and the environmental conditions [11] - [18] .
However, simulation results alone are not sufficient and must be verified through comparison with experimental data from measurements that are carried out on real subjects. However, carrying out experimental and clinical studies is a long and tedious process that requires various pre-studies, approvals and protocols to ensure the safety of the subjects under test, bearing in mind that IBC is still a new emerging technology and various precautions need to be considered. For such reasons, and to get more research insight concerning the different technical aspects for the IBC technology, there is a crucial need for an alternative yet accurate experimental testing platform for IBC and BAN applications in general that would provide an accurate test bench for testing and understanding the capabilities and challenges of the new channel. Phantoms, having the ability to mimic the characteristics of human tissues being it thermal, physical or electrical, provides that reliable and accurate alternative. Phantoms are widely used in the medical and biological studies as substitutes for animals in experiments, lending themselves readily for BAN research. The main contributions of this paper can be summarized as follows:
1) Studying the sensitivity of the IBC channel gain/ attenuation profile to the electrical properties of the human body main layers; skin, fat, muscle, cortical bone and bone marrow. 2) Through the guidelines of the above findings, provide methodology to create a multilayer phantom that mimic the electrical properties of the body tissues for BAN applications, with the highest possible accuracy and match. 3) Fabrication of a five-layer phantom arm model using the suggested methodology and mimicking materials.
4)
Comparison of the results obtained using the in-house fabricated phantom arm model, and those obtained from experimental testing on real subjects, showing the high accuracy of the fabricated model and the huge potential that the phantoms have for facilitating the research in the BAN field, without sacrificing the accuracy and precision of the results. The paper is organized as follows: in section II, a quick introduction for phantoms is provided, together with the history of phantoms in the IBC field. In section III, a sensitivity analysis is performed to show the effect of each of the electrical properties (conductivity and permittivity) of each of the five body layers on the IBC channel gain/attenuation profile. Section IV proposes a new method for the preparation of the muscle tissue mimicking material for improving the accuracy and reducing the overall error/mismatch factor. In section V, the effect of preparing different tissue mimicking samples through different methods, side by side, is studied through constructing a composite sample to investigate the possibility of constructing a multilayer phantom. In section VI, a step by step methodology is discussed for the preparation of a five-layer arm phantom model. Results are then shown and compared with those obtained from experimental testing on real subjects.
II. MULTILAYER PHANTOMS FOR IBC
Phantoms are physical models that simulate certain characteristics of the biological tissues they represent. Phantoms have been used extensively in the medical field [20] . Historically known imaging phantoms were first introduced as objects for evaluating the performance of imaging devices. Phantoms then underwent various improvements, mimicking biological characteristics more accurately, where they proved to be useful solutions for experimentation at the early investigative stages prior to working with living subjects or cadavers. There are various classifications for phantoms, the most commonly used is according to the final state of the phantom; solid (dry or wet), gel or liquid [21] - [29] . Finally, phantoms provide a stable and more controllable experimental setup/platform that is hard to realize using living subjects. Several trials were reported in literature for the use of phantoms for IBC applications as a stable and easy to control, yet accurate experimental setup [3] , [30] . A survey of these phantoms was presented in an earlier work [31] . As shown in [31] , phantoms provided in the literature in the IBC field suffered from a number of drawbacks. A major defect is in such trials the proposed phantoms all considered the arm as one homogeneous layer; using a single material to represent the whole arm. Such approach results in: 1) Neglecting the biological and physical nature of the arm, mainly the dielectric properties of each of the main five tissues, and over the whole range of frequencies of interest (instead of just reporting such values at one or two discrete frequencies). 2) Considering the arm as one single layer also neglects the interaction between one layer (tissue) and the other, which accordingly neglects and eliminates other important facts of how the signal would diffuse from one layer to the other, propagation of the signal in different layers, etc. 3) Inaccurate representation of the arm's geometry; dimensions of the arm and thickness of each layer (which has a considerable impact on the overall results and performance for IBC) are almost totally neglected. Thus, if phantoms are to serve as stable, controllable, accurate and reliable testing setup for BAN, more accurate and detailed phantoms need to be used. In our approach, we are interested in phantoms that accurately mimics the dielectric properties for the human body tissues, in other words, phantoms that can be used as a platform for IBC applications that use electromagnetic waves, either through capacitive or galvanic coupling, as the data carrier. This choice is based on a detailed study published by the authors in [19] , where the authors presented a comparative study between the main potential means of data carriers, namely using Electro-Magnetic (EM) waves, ultrasonic waves and magnetic coupling. Properties of each carrier were considered with respect to their propagation through the different body tissues. It was then shown in [19] that EM waves possess better properties that can support BAN requirements compared to ultrasonic waves as EM waves experience much less attenuation and delay when traveling through the body. Thus, EM was selected as the data carrier of choice for IBC applications. Consequently, our focus is on phantoms that mimics the dielectric properties of the human body tissues [31] , since they are the key responsible for the nature of the IBC channel properties, when EM is the choice of data carrier.
Two different methods were adopted to construct samples that would achieve such purpose:
Oil Phantoms: as proposed in [32] , liquid aqueous gelatin and safflower oil, the main two elements, are mixed with other components to prepare the required samples. By varying the ratios of these two components each time, a new material with different dielectric properties is generated. Each resultant sample is identified by the percentage of oil to the total final sample weight; for instance, a 50% sample has safflower oil at 50% of the weight of the final product.
Oil-Kerosene Phantoms: The main difference between this method [33] and the previous one is that the oil solution in this case would be an equal mix of kerosene and safflower oil. The preparation steps for these materials are very similar to those of the Oil Phantoms too.
To investigate the potential of both methods, nine different samples of each method were prepared, where the oil (or oilkerosene solution) percentage was varied from 10% of the sample weight to 90%, with a 10% step each time. The dielectric properties (permittivity and conductivity) of each of these samples were measured using HP Agilent 4291B impedance analyzer [34] . Results were then compared with the experimental values of the main five tissues, provided in [35] , [36] . A summary of such results; best matching samples (samples that shows less than 10 % matching error) with respect to different tissues, regarding conductivity and permittivity (E r ), for different frequency ranges (Fmin is the minimum frequency and Fmax is the maximum frequency in MHz defining the band over which the matching error is below 10%) within the IBC application band, is provided in [31] .
III. IBC CHANNEL SENSITIVITY ANALYSIS
As was shown by the authors in [31] , sometimes for the same tissue, it's possible to realize one electrical property through the preparation of a material with a certain oil solution concentration, yet the same final material would not be the best for realizing the other electrical property. An example for that would be the muscle tissue; the 30% Oil-Kerosene solutions accurately mimics the permittivity of the tissue with the frequency range 39 -100 MHz, yet the error in the resultant conductivity is greater than 10%. To solve this issue, a decision need to be taken on which electrical property is more of concern; more critical for the application at hand. In our case, for IBC applications, the IBC channel profile (gain/attenuation) is the major concern, since that's one of the primary goals for preparing these phantom models in the first place. The IBC channel gain/attenuation profile determines the gain/attenuation that the electromagnetic signal will witness as it propagates between the transmitter and the receiver, through the human body. In prior work [37] , the authors proposed an accurate circuit model of the human arm as an IBC channel. In that model, the arm was simplified to the five main layers previously mentioned; muscle, fat, skin, cortical bone and bone marrow. The model took into consideration system components, as the electrodes used, as well as biological factors, as the age and body mass. Since the gain profile obtained using the model showed very good match with experimental results previously reported in the literature, the authors adopted the model for the gain/attenuation calculations. Therefore, to decide on which material is best for mimicking the electrical properties of tissues of concern, a sensitivity analysis was performed to study the impact of both the conductivity and permittivity of each of the five tissues on the IBC channel profile. The analysis was performed using the circuit model developed by the authors in [37] , where the electrical properties of each tissue is varied between −20% to 20% from its nominal values (experimental values published in [35] ), then the final IBC channel profile is computed as well as the error -deviation of the channel profile from the nominal (0% deviation) case-is computed and shown in Table 1 where the maximum error percentage is reported for each case. As shown from the results, the IBC channel characteristics are much more sensitive to the conductivity of the tissues over the permittivity, since the conductivity mainly accounts for the signal transmission capability through a certain medium. This finding is crucial for applications like phantoms design, for manufacturing more accurate tissue mimicking materials. From a tissue perspective, muscle, skin and fat layers tend to affect the characteristics of the IBC channel more than cortical bone and bone marrow, this is due to: a) the better conductive properties of the first three tissues, b) the fact that only a tiny portion of the signal will travel through the bones (since most of the signal is transmitted through the skin, then muscles, as shown in [18] ).
IV. MUSCLE TISSUE MIMICKING MATERIALS (AL/TX-150)
From section III, it's clear how conductivity of the tissues impacts the performance of the IBC channel more than their permittivity, thus more attention should be given to conductivity when designing the phantom's materials. Moreover, variations in muscle tissue's conductivity impacts the channel performance significantly, which is expected due to the high conductive properties of the muscle tissue which forces a significant portion of the electrical signal to propagate through the muscle. For these reason, it was necessary to find an alternative method for preparing a phantom material that can mimic the conductivity of the muscle tissue more accurately than the two proposed methods, since none of them provided a sample with acceptable error. After a thorough search was performed in the literature, findings shown in [38] presented promising results. The proposed method uses mainly TX-150, aluminum powder and NaCl to realize the conductivity of the muscle tissue for multiple frequency ranges, including our range of interest, through varying the percentages of these components with respect to the final mixture. The basic ingredients are: TX-150, Aluminum powder, water and NaCl. The steps for preparing the mixture, as outlined in Figure 1 ., are as follows: 1) Weigh all ingredients and determine percentages by weight, as suggested in Table . 2) Mix aluminum powder and TX150 and pour in [14] [15] [16] [17] [18] [19] [20] ''C water and mix with a 10-cm shear stirrer rotating at 1,200 rpm for 45-120 seconds on a drill press 3) If the stirring time is not sufficient, the aluminum powder will sink (Since air bubbles are easily formed in this mixture, it is necessary to rotate the mixing bucket constantly and move it up and down to ensure proper mixing.) 4) When the mixture turns thick, slow down the drill press to about 800 rpm to avoid generation of air bubbles.
FIGURE 1.
Steps and components for preparing the muscle tissue mimicking material [38] . (If stirred too long, the mixture will become too hard to pour) 5) Pour the mixture slowly into mold to allow the escape of air bubbles from the mixture.
After preparing different samples with the weights shown in Table 2 , the dielectric properties of the resultant samples were measured using the HP Agilent 4291B impedance analyzer. Both the real part and the imaginary part of the complex permittivity are measured using the device. Results are then processed using MATLAB software to compute both the permittivity and conductivity of each sample and compare them with those of the five body tissues. The 16453A dielectric material test fixture was attached to the 4291B impedance analyzer, where the function of this fixture is to obtain accurate dielectric constant and loss tangent measurements through employing the parallel plate method, which sandwiches the material between two electrodes to form a capacitor. To be able to use this fixture, the thickness of the sample to be tested should not exceed 3 mm. For each prepared material, at least three different test samples from different locations across each mold were used to make sure that the results are not affected by the position of the sample in the mold. Results are then averaged over the collected readings to compute the dielectric properties for each prepared material. From comparing the results obtained with the properties of the muscle tissues, it was clear that if a single sample to be used over the whole frequency range of the IBC, the sample with 10 grams of Aluminum powder gave the best matching results (error less than 10%). Results are plotted in Figure 2 . Results show that using the sample that contained 10 grams of Aluminum powder, it is possible to accurately mimic the dielectric properties of the muscle tissue, with low error (less than 10% for both properties) over almost the entire range for IBC. Table 3 then presents a final summary of the best matching samples (samples with less than 10% matching error) using all the three preparation methods (Oil phantoms, Oil-Kerosene phantoms and Muscle phantoms) with respect to different tissues, regarding conductivity and permittivity, for different frequency ranges.
V. COMPOSITE SAMPLE
From Table 3 , it's obvious that if a multilayer tissue mimicking material phantom model is to be constructed, the muscle tissue mimicking material will be placed in between other two materials prepared using one of the first two methods (Oil only or Oil and Kerosene). To insure that the final composite sample will still maintain the same dielectric properties that the samples are designed for, we prepared a composite sample as shown in Figure 3 ., where an Oil sample with 60% Oil concentration was prepared then left to solidify for two days, allowing the chemical reactions to conclude. The sample was then placed in a bigger mold and a muscle mimicking material sample (Al/TX-150 method) with 10 grams of Aluminum powder concentration was prepared and poured into the mold, forming a composite sample in the form of two concentric cylinders. The composite sample was then left at room temperature for another two days, before starting the experimental measurements. Samples were then taken from three different positions to measure the electrical properties, a) from the middle of the Al/TX-150 sample, b) from the middle of the Oil Sample, c) from the interface between both samples. Results were averaged over the samples taken at each position and plotted in Figure 4 . From the results, it's shown that results are almost the same at the center for each of the two samples, however properties slightly change for samples close to the interface between the two phantom layers. Moreover, results show that the conductivity of the aluminum powder phantom slightly changes at the interface, with a margin greater than that by which the conductivity of the Oil phantom does. These results are expected due to the interaction between both phantoms, specially the diffusion of some of the Oil solution into the aluminum powder FIGURE 2. Matching the sample, prepared by the authors, that included the 10 grams of Aluminum powder with the muscle tissue (experimental values obtained from testing on actual muscle tissues reported in [35] , [36] ): (a) conductivity of the prepared sample shows accurate match almost over the entire range of interest, (b) the permittivity of the prepared samples shows accurate match with that of the muscle tissue.
phantom, however as shown from Figure 4 and Figure 2 , the electrical properties of the core of the phantom remains almost unchanged, thus multilayer phantoms that include tissue mimicking materials prepared through any of the three explained methods can be prepared side by side (deposited adjacent to each other) without altering the dielectric properties of any of these materials in a significant way. These findings then permit the preparation of a multilayer arm phantom model, that consists of five different tissue mimicking materials to represent the five main body tissue layers, with a very high accuracy in terms of the dielectric properties of these tissues; conductivity and permittivity.
VI. MULTILAYER ARM PHANTOM PROTOTYPE A. CONSTRUCTION OF THE PHANTOM
Using results shown in Table 3 , an IBC five-layer Arm Phantom Model (IBCFAP) will be constructed. To build an arm model that would cover the whole range from 100 kHz till 100 MHz, with the least possible error over the whole frequency range for all the five layers, we decided to construct the phantom model with the mixture samples shown in Table 4 . The IBCFAP will be constructed in the form of concentric cylinders, where each cylinder will represent one of the arm tissue layers, with the inside-out order as follows: bone marrow, cortical bone, muscle, fat and finally skin. As shown earlier in this paper, as well as in [31] , layers of tissue mimicking materials prepared using any of the three methods can be prepared adjacent to each other without altering their dielectric properties. Several trials were performed to find the best methodology for preparing the whole IBCFAP in the most efficient way; to make sure that all the prepared layers are deposited efficiently adjacent to each other, eliminating any vacuum or air bubbles in between the different layers to ensure the smooth and accurate continuity at the interfaces between the different layers for the final phantom. For this reason, and to prepare inner or middle layers with certain thicknesses, phantom material molds were used as an intermediate mold. The phantom material mold used will be one of the Oil-only phantom materials, and will contain Oil-solution concentration close to that of layer that it will be used in preparing, for the following reasons: a) Avoid using another chemical material that might interact with the components of our prepared tissue mimicking materials, thus changing their dielectric properties in an undesired way. b) We studied earlier in [31] the effect of preparing two adjacent layers using the first two phantom preparation methods, and it showed how the dielectric properties at the core of each sample remains almost the same. c) The Oil-only samples tend to be more solid than samples prepared through the other two methods, thus will serve better as a mold for preparing other layers. Another difficulty we faced was getting the very thin layers out of the molds, or removing the molds off the prepared samples, in case the outermost constructed layer is very thin/delicate. For this reason, fake layers were prepared to help preserving the shape and volume for that layer, then outer layers would be constructed, then the fake layer would be removed (usually it's geometry would be distorted at this phase) and then the final layer would be poured in a molten form in the preserved volume, to take the right shape, volume and positon in the final phantom model. Throughout the construction of the IBCFAP, only a single layer was prepared per day (being it a final layer in the arm phantom, a layer to be used as a mold for other layers and then will be discarded, or a fake layer for volume and position preservation). The length of the prepared IBCFAP is 20 cm. The ratio for thicknesses of each layer, using the standards followed in the literature [39] , [40] for an arm of radius 50 mm are as follows: 1.5 (skin), 8.5 (fat), 27.5 (muscle), 6 (cortical bone), and 6.5 mm (radius, bone marrow layers).
The following are the final steps for the preparation of the IBCFAP:
1-Since the bone marrow layer is delicate, a fake bone marrow tissue mimicking layer is prepared. 2-Muscle tissue mimicking material will be prepared using the Al/Tx-150, which has the weakest solid mechanical properties, so it will be prepared first then the surrounding layers will be deposited adjacent to it to fill any empty space between the layers. 3-Prepare a solid mold with the outer diameter as that of the cortical bone layer. 4-Construct the muscle tissue mimicking material (Al/Tx-150 method with 10 grams of Aluminum powder) around that mold. 5-Prepare a mold with a fake skin tissue mimicking layer (as the skin layer thickness is very thin, so the final real layer has to be poured at the end) 6-Insert the previously prepared muscle tissue mimicking material inside the mold that contains the fake skin layer, then pour in the fat tissue mimicking material in between to fill the volume in between them. 7-Remove the cortical bone mold around which the muscle tissue mimicking material was prepared, insert the fake bone marrow layer in the center, then pour the final cortical bone tissue mimicking layer (60% Oilonly sample), to fill the space between the fake bone marrow layer and the muscle layer. 8-Remove the fake bone marrow layer and pour in the final bone marrow tissue mimicking layer (80% Oil-only sample). 9-Remove the fake skin layer and pour in the final skin tissue mimicking layer (20% Oil-only sample) 10-Leave the final phantom for at least twenty-four hours for the cross linking of different mixture components.
B. RESULTS
To test how accurate the constructed arm phantom is in mimicking the dielectric properties of the body tissues, in other words how successful is the phantom in modeling the IBC channel performance, the next step was measuring the gain/ attenuation profile of the constructed arm model and comparing the results with those obtained from real subjects for validation. To carryout experimental measurements, a vector network analyzer (miniVNA Pro [41] ) was used to measure the gain/attenuation profile of the constructed phantom.
The experimental setup is shown in Figure 5 , where VOLUME 7, 2019 FIGURE 5. Experimental test setup for evaluating the performance of the constructed arm phantom model. A portable VNA is used to measure the gain/attenuation profile of the constructed phantom to test if it can accurately model the body communication channel characteristics, over the frequency range of interest; 100 kHz till 100MHz.
FIGURE 6.
Experimental results for the channel Gain for the constructed arm phantom model measured using the miniVNA Pro, with Ag/AgCl electrodes, with the distance between the transmitting and receiving node 14cm, for two different separation distances between the electrodes of each node; 8 cm and 5cm, over the frequency range for IBC; 100 kHz till 100MHz.
Ag/AgCl electrodes (30 mm × 24 mm, with sensing area of 80 mm 2 [42]) were used to be compatible with the measurements performed on the real subjects. Measurements were done for a distance of 14cm between the transmitter electrodes and the receiver ones, while the separation between the electrodes at each node were varied between 5 cm and 8cm. Results for the two cases are shown in Figure 6 , showing the gain of the arm model phantom channel over the frequency range 100 kHz till 100 MHz. Results agree with previous work [43] , in which it was shown that as the interelectrode distance (separation between electrodes of the same node) increases, the overall channel gain increases due to the matching between the input impedance of the body and that of the electrodes. Yet, to validate the behavior of the channel gain/attenuation profile, the same experiment was carried out on three different real subjects, where the same experimental setup was used to obtain the channel gain/attenuation profile for the arm. Results obtained from the three subjects, together with those obtained using the phantom are plotted in Figure 7 .
As shown in the figure, results obtained using the phantom matches with those obtained from testing on real subjects. The results show how accurately the phantom models the IBC channel performance; in other words, how accurately the phantom mimics the dielectric properties of the body tissues. Overall channel behavior is almost the same, yet the absolute values might vary from one subject to the other, which is expected due to the biological and geometric difference from one subject to the other (weight, body frame, age . . . etc. To the authors knowledge, the constructed phantom is the most accurate physical model designed and tested for IBC applications specifically, and body area networks applications in general.
VII. CONCLUSION
In this paper, a five-layer tissue mimicking material arm phantom model was designed, fabricated and tested, to serve as a reliable and accurate test platform for intra-body communication applications, and can also be easily extended to other body area/sensors networks applications. Tissue mimicking materials were first investigated to decide on the materials that can most accurately mimic the dielectric properties of the main body tissues; skin, fat, muscle, cortical bone and bone marrow. Sensitivity of the IBC channel performance, gain/attenuation profile, to the variation of the dielectric properties of the body tissues were studied to find the best formation for a multilayer phantom that would possess the least error in modeling the IBC channel. A different method is proposed to construct the muscle tissue mimicking material, to reach accurate conductivity values, thus improving the accuracy of the whole phantom channel modeling performance. Using that knowledge, a five-layer arm phantom model was constructed. The final model constructed phantom was then tested and the channel behavior (gain/attenuation profile) was measured and compared with results obtained from testing on real subjects. Results show unprecedented accuracy in modeling the human body communication channel using a physical phantom, which would pave the way for numerous possibilities in the body area networks field. With the accuracy of the phantom validated through comparison with results from real subject, the phantom can now be used for rigorous testing for understanding more about the nature of the IBC channel, its potential, and performance in various situation/working conditions. Moreover, it offers a safe testing platform, for testing the performance of systems designed for IBC; testing power levels, radiations, communication system metrics . . . etc. before carrying out testing on real subjects, to improve and accelerates the system design process and guarantee safety of the human subjects at the same time.
